Th e enthalpies of comb usti on and formation of two samples of lin ear polyeth ylene whi ch diffe r only in th e degree of crystallinit y ha ve been determined in an oxygen bomb calorimeter. For th e two samples th e degree of crystallinity, the enthalpy of combustion at 298.15 K, and the e nth alpy of forma· tion at 298.15 K, were respectively: 72 percent, -651.16 ± 0.12 kJ· mol -I, -28.18 ± 0.13 kJ · mol -I for the less crys tallin e sa mple; and 96 perce nt , -650.27 ± 0.12 kJ· mol-I and -29.08 ± 0.12 kJ· mol -I for the more crys tallin e sa mple. The values are per mole of CH2• Uncertainties listed a re estimates of accuracy of approximate 95 pe rcent confide nce limits. Th e results of previous determinations by othe r investigators are dis cussed brie fly.
1, Introduction
Linear polyethylene, although well· known as a material for containers, is also used as a standard reference material in polymer research and tec hnology. However, it is not a definite chemical compound , vary· ing in the proportion of methyl groups as well as in density and degree of crystallinity. The Office of Standard Reference Materials (OSRM) has made available a sample of linear polyethylene, the proper· ties of which have been carefully studied. This investigation was undertaken to determine the effect of the degree of crystallinity on the enthalpies of combustion and formation. In order to make a study of this type it was necessary to obtain at least two samples as nearly identical as possible except for the degree of crystallinity. We were fortunate to obtain such samples, one of which had been formed by recrystallization of the other under high pressure. Since the effect on t he enthalpy of combustion was expected to be small, a high-precision measurement was required.
. Materials

1. Polyethylene
The polyethylene used in these experiments is NBS Standard Reference Material (SRM) 1475. According to th e certifi cate iss ued by the OSRM it is a product of E. 1 . duPont de Nemours and Company1 and is essentially linear, there being 0.15 methyl gro ups per 100 carbon a tom s. It is in the form of small pellets, 2 to 3 mm in diameter; the degree of crystallinity was determined to be 72 percent. According to the manufacturer, 111 ppm of an antioxidant (C73H IOSOI2) was added to the polyethylene.
A modification of SRM 1475 resulting from recrystallization of the melt under hi gh pressure was obtained in the form of chips through the courtesy of S. S. Chang [IF of the Institute for Materials Research at the NBS. The degree of crystallinity for the modified material was determined to be 96 percent. The degrees of crystallinity of the two samples were determined by Dr. Chang from density measurements.
2,2, Benzoic Acid
The benzoic acid was SRM 39i, which is used as a standard for oxygen·bomb calorimetry. The energy of combustion under certificate con ditions was certified to be 26434 Jig. Conversion to thermodynamic standard state conditions usin g the same data reduction procedure described in section 5 gave ~UcO(2 8 0c) =-26410.36J/g. IC e rtain co mmerc ial produc ts a re ide ntifie d in this paper in order to s pecify adequately the experime ntal procedure. In no case does su ch ide ntificat ion imply recommendation or e ndorse me nt by th e National Bureau of Stand ards , nor does it imply that the products identified are necessa ril y t he best availab le for th e purpuse.
2Figures in brac kets indi ca te th e lit e rat ure refere nces at the e nd of this paper.
Oxygen
High·purity oxygen was used for both the calibration and combustion experiments. An analysis furnished with the cylinder" showed the following impurities in ppm; Kr 12.0, Xe 0.7, N2 0 0.8, N2 3.0, and H2 0 2.0.
The presence of these impurities would not have a significant effect on the values obtained for the bomb process.
Units and Conversion Factors
The 1969 table of relative atomic masses [2] has been used throughout this paper. The auxiliary data have been taken from Selected Values of Chemical Thermodynamic Properties [3] except as otherwise noted. The conversion to joules from the conventional thermochemical calorie has been made by taking 1 calorie equal to 4.1840 joules. All weighings have been reduced to weights in vacuum by correction for the buoyancy of air.
Apparatus and Procedure
The platinum·lined bomb and the adiabatic rotating· bomb calorimeter used are described by Johnson and Prosen [4] . In the polyethylene combustions, the sample, consisting of chips, was weighed into a platinum crucible and placed in the bomb such that the sample was in contact with a 2-cm length of 0.075 mm diam platinum wire fuse connected across the bomb electrodes. The quantity of water initially placed in the bomb was 0.3 cm 3 ; the volume of the bomb was 98 cm 3 • The bomb was sealed, flushed with 1000 cm 3 (STP) of oxygen, then filled with 31.62 atm (3203 kPa) of high-purity oxygen. The bomb was transferred to the calorimeter. The tempera· ture was determined (the temperature of filling was taken to be this temperature) and the bomb was heated electrically to approximately 24.98° C. The calorimeter jacket was evacuated, the adiabatic temperature controls were placed in operation and the system was left overnight.
On the following morning the pressure in the calorimeter jacket was about 2 X 10 -5 torr (2.6 mPa). Temperature measurements were taken at 4·min intervals during a 1-h initial rating period. An 18000 p,F condenser, charged to 24.5 V, was dis· charged through the platinum fuse, which melted and ignited the sample. The drop in the potential across the condenser was used to calculate the ignition energy by correcting the total energy release for that quantity dissipated along the fuse leads.
When thermal equilibrium was approached after 20 min, temperature measurements were resumed at 4·min intervals during a 1-h final rating period. Be· cause of the heating effect of the current throught the platinum resistance thermometer, an upward drift of about 0.001 °Cjh was observed during the rating periods. The temperature-time curves for the rating periods were extrapolated to the time of firing to obtain the rise in temperature due to the bomb reaction.
The bomb was removed from the calorimeter and the gaseous products were released. In a few experiments carbon dioxide was determined in the products of combustion. For this determination the gaseous prod· ucts were passed successively through a drying tube (containing magnesium perchlorate and phosphorus pentoxide) and through two weighed absorption tubes (each containing Ascarite, magnesium perchlorate and phosphorus pentoxide) which had previously been flushed with dry hydrogen. The absorption tubes were flushed with dry hydrogen and weighed to determine carbon dioxide. Weighings were made against a tare consisting of a similar absorption tube which was filled with glass beads and was slightly heavier than those used in the analysis; this method served to reduce the buoyancy correction for the sodium car· bonate and also reduced possible effects of change in humidity or air density between weighings.
The bomb solution was transferred to a titration flask, warmed to incipient boiling, cooled and titrated with standard 0.1 N alkali, using a pH meter, to determine the small quantity of nitric acid formed from traces of nitrogen in the bomb atmosphere.
The benzoic acid calibration experiments were carried out in the same manner except that the sample was pressed into a pellet before weighing.
The results of the carbon dioxide analyses are as follows: Expt There is no apparent correlation between the CO 2 ratio and the observed enthalpy of combustion.
Results and Calculations
The results of the benzoic acid calibration experi· ments are given in table 1. EEE-Std is the calculated effective energy equivalent or heat capacity of the standard calorimeter system including the empty bomb and all internal platinum parts except the crucible. Cv-cont(i) is the heat capacity of all materials added to the initial system including the crucible , water, sample, and oxygen. Corr to tm is the correction applied to EEE-Std to adjust the effective heat capacity of the system from the standard mean temperature of 26.5 °C to the actual mean temperature of the experiment. Corr-parts is the correction to the effective heat capacity of the system for any change or alteration of parts during the series of experiments.
EEE-actual is the effective heat capacity of the actual calorimeter system at the initial temperature, obtained as the algebraic sum of EEE-Std and the corrections to the heat capacity of the system.
the sample, ex perime ntally determined to b e 67 perce nt of th e e ne rgy give n up by th e calorim e te r. q-decom HN0 3 is the calc ula ted heat of decomposition of th e nitri c acid form ed in the experime nt to gas eous nitroge n a nd oxyge n and liquid water; the e nergy of this process was taken as 59.7 kJ/mol. The Washburn Correction [5] 
For the calibration expe rim e nts th e value obtained for EEE-Std is calculated by an iterativ e procedure from the mass of sample and the observ ed temperature rise and auxiliary data to giv e the value of !1 U~ (28°C) for be nzoic acid consiste nt with th e certifi cate value. All computations were b y means of a co mputer program based on th e proced ures of Hubb ard , Sco tt , and W addi ngton [6] .
Th e res ults of th e co mbusti on experim ents are give n in tables 2 a nd 3. Th e arrange me nts of the tables are th e same as for th e calibratio n experim e nts; howeve r, the values for !1 U~ for the co mbustion experim ents are co mputed from EEE-Std. The thermal coe ffi cie nt of EEE-Std was de ter mined to be 1.8 JIK. The densities, heat capacities and t:..Cv for the standard reaction were taken as:
Takin g th e e nthalpy of fusion of th e partially crystalline material to be proportional to th e exte nt of crys tallinity , th e e nth alpi es of fu s ion of 96 and 72 de ns il y(g/c m 3 ) Cp
Be The results of the co mbustion experiments correspond to the process: A partial test of the consistency of the results can be made by assuming that the differe nce between the enthalpies of combustion is due only to the difference in degree of crystallinity. The difference between the enthalpies of combustion is then equal to th e difference between the enthalpies of fusion. Although direct measurements of the enthalpy of fusion of polyethylene are complicated by the large premelting effects, reliable values seem to have been achieved in a recent careful and extensive study of the thermal properties of ideally crystalline linear polyethyle ne by Atkinson and Richardson [7] . They give their results in a series of summary expressions, one of which gives the enthalpy of fusion of 100 perce nt crystalline linear polye thylene as a function of the temperature and which yields 271.9 Jig for the en thalpy of fusion at 25°C. Ji g respectively. The differen ce is 65.2 Ji g which is to be compared with the differe nce of 63.3 ± 5.9 Jig in our measured enthalpies of combustion. Although there are several determinations of th e enthalpy of combustion of polyethylene in the literature, most refer to material of unspecifi ed or un certain properties and so are not subject to sign ifi cant co mparison. A rece nt determination in whi c h th e polymer is well characterized is that of Joshi and Zwolinski [8] . They describe their sample as a co mmercial Zieglerpolymerized homopolymer of 72 perce nt crystallinity.
Their value of -650.84 kJlmol CH2 for the enthalpy of combustion is close to that obtain ed in this investigatio n. They based their value for the degree of crys tallinity on a direct measurement of the en thalpy of fusion and an es timate of the enthalpy of fusion of 100 percent crystalline linear polyethylene by Flory and Vrij [9] . If the value of Atkinson and Richardson is taken for the enthalpy of fusion of 100 percent crystallin e material, the degree of crystallinity is in creased to 75 percent. The difference between the value obtained by Joshi and Zwolinski and that obtain e d in this investigation, when adjusted to a common degree of crystallinity, is reduced to 0.13 kJlmol CHz (9.3 Jig) , which is well within the assigned limits of error.
A tabulation of some other determinations is given in table 4. Howev er , th ere is probably little point in tryin g to rationalize small differences in view of the ambiguities associated with the definition and determination of the degree of c rystallinity. The fact re mains that polyethylene samples from different sources, though similar in most characteristics , are not identical and small variations In their thermal properties would be expected.
